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Section  1 


OVERVIEW 


Work  performed  under  Contract  with  ONR  (N00014-80-C-0796)  through  the  period 
ending  In  April  1983  Is  summarized. 

In  earlier  work,  we  have  developed  quantitative  models  of  the  magnetic  field 
associated  with  the  three  major  magnetospherlc  current  systems;  the 
magnetopause,  ring  and  tall  currents.  Since  our  goal  Is  to  quantitatively 
understand  and  model  magnetospherlc  processes.  It  has  been  also  necessary  for 
us  to  understand  and  model  quantitatively  the  magnetospherlc  electric  field. 
Our  quantitative  work  on  the  magnetospherlc  magnetic  field  put  us  In  a 
position  to  describe  and  model  the  Induced  electric  field  associated  with  time 
variations  In  the  magnetic  field.  However,  since  the  magnetosphere  Is  filled 
with  plasma,  the  total  electric  field  formed  In  response  to  changes  In  the 
magnetic  field  Is  somewhat  different  than  just  the  Induced  electric  field. 

The  plasma  response  to  the  presence  of  the  Induced  electric  field  causes 
additional  electrostatic  fields  to  form.  We  have  developed  procedures  for 
determining  the  total  electric  field  associated  with  time  variations  In  the 
magnetic  field. 

However,  It  Is  known  from  the  study  of  motions  of  low  energy  plasmas  In  the 
magnetosphere  that  electrostatic  fields  are  present  at  all  times  In  the  tall 
of  the  magnetoshere,  and  also  In  the  polar  region.  This  led  us  to  also 
understand  the  formation  and  maintenance  of  these  electrostatic  fields.  It 
was  our  feeling  that  by  describing  these  electrostatic  fields  we  would  have  a 
basis  for  modeling  both  the  magnetospherlc  magnetic  and  electric  fields.  Our 


attempts  at  understanding  the  source  of  the  electrostatic  field  led  us  to 
consider  In  more  detail  the  classical  pressure  balance  formalism  and  the 
assumption  of  specular  reflection  of  charged  particles  off  of  the  geomagnetic 
field.  We  have  found  that  In  a  realistic  magnetospherlc  magnetic  field 
geometry,  some  of  the  low  energy  (1  keV)  particles  from  the  magnetosheath  can 
gain  permanent  access  to  the  magnetosphere.  This  entry  process  has  now  been 
studied  In  some  detail  and,  we  believe,  Is  the  explanation  for  the 
electrostatic  fields  that  persist  across  the  tall  of  the  magnetosphere  and 
over  the  polar  caD  regions.  It  also  explains  the  existence  of  several  other 
steady  state  magnetospherlc  features. 

We  have  continued  our  work  on  understanding  and  modeling  time  variations  In 
the  magnetospherlc  magnetic  field.  We  have  now  developed  models  for  three 
magnetospherlc  events,  where  the  magnetic  field  changes  abruptly  and 
continually  over  a  period  of  time.  These  events  have  been  studied  with  many 
other  Investigators  as  part  of  the  CDAW  (Coordinated  Data  Analysis  Workshop) 
process.  We  have  recently  found  that  the  extension  of  the  Blrkeland  Region  2 
currents  Into  the  magnetosphere  Is  an  Important  contributor  to  the  magnetic 
field  In  the  near  tall  region,  and  must  be  added  to  our  quantitative  magnetic 
field  model . 

The  remainder  of  this  report  Is  divided  Into  four  sections.  In  the  first,  the 
entry  of  charged  particles  Into  the  magnetosphere  Is  discussed  along  with  our 
qualitative  picture  of  the  effects  this  entry  has  on  several  steady  state  (or 
ground  state)  magnetospherlc  features.  Our  work  during  the  last  year  on  time 
varying  magnetic  fields  and  Induced  electric  fields  for  specific 
magnetospherlc  events,  performed  In  association  with  the  CDAW  workshops,  Is 


reported  In  the  section  on  time  varying  magnetic  and  electric  fields.  This  Is 
followed  by  a  brief  discussion  of  some  procedures  we  have  developed  for  the 
mapping  of  electric  fields  from  Ionospheric  to  satellite  orbital  altitudes. 
There  are  now  data  sets  available  from  the  STARE  radar,  and  some  satellites 
whose  magnetic  footprint  resides  within  the  STARE  radar  grid.  Attempts  have 
been  made  to  compare  data  from  the  two  regions,  using  the  assumption  of 
equlpotentlal  magnetic  field  lines.  In  our  mapping  procedure,  we  may  abandon 
that  assumption  and  assume  that  Induced  electric  fields  are  present.  In  the 
final  section,  we  list  our  publications  and  presentations  that  have  occurred 
during  the  past  year. 
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Section  2 


THE  ENTRY  OF  LOW  ENERGY  PLASMA  INTO  THE  MAGNETOSPHERE 

The  transfer  of  energy  from  the  solar  wind  to  the  magnetosphere  has  generally 
been  suggested  to  occur  by  one  of  two  mechanisms.  Axford  and  Hines  suggested 
that  a  viscous  Interaction  between  the  magnetosphere  and  the  solar  wind 
occurring  at  the  magnetopause  provided  energy  for  convection  of  plasma  through 
the  magnetosphere  and  thereby  explained  several  magnetospherlc  processes. 
Dungey  and  Levy  et  al .  suggested  Instead  that  the  Interconnection  of  the 
earth's  magnetic  field  and  the  Interplanetary  field  could  act  to  transmit  the 
solar  wind  electric  field  to  the  magnetosphere  which  again  produced  convection 
of  the  magnetospherlc  plasma.  We  have  examined  the  direct  entry  of 
magnetosheath  plasma  Into  the  magnetosphere,  which  occurs  at  all  times  and 
ff  provides  both  energy  and  charged  particles  to  the  magnetosphere. 

By  the  early  1960's  It  was  known  that  the  extension  of  the  geomagnetic  field, 
B,  Into  space  Is  limited  by  the  solar  wind.  Basically,  their  Interaction 
consists  of  the  protons  and  electrons  In  the  solar  wind  being  deflected  In 
ooposlte  directions  by  the  geomagnetic  field.  This  motion  forms  the 
magnetopause  current  system  whose  associated  magnetic  field  adds  to  the 
geomagnetic  field  within  the  magnetosphere  and  vectorlally  cancels  It  out 
beyond  the  magnetopause.  The  magnetopause  Is  then  found  where  the  streaming 
pressure  of  the  solar  wind  Is  equal  to  the  pressure  of  the  geomagnetic  field 
( 1 . e . ,  Its  energy  density).  These  studies  tacitly  assumed  that  because  of  the 
large  dimensions  of  the  magnetosphere  with  respect  to  the  charged  particle 
gyroradll,  all  solar  wind  particles  are  reflected  specularly  off  of  the 
geomagnetic  field,  B.  The  deflection  of  the  charged  particles  by  the 
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geomagnetic  field  Is  shown  schematically  In  Figure  1,  with  the  assumption  of 
specular  reflection.  In  a  uniform  magnetic  field,  all  particles  penetrate 
Into  the  field  region  a  distance  less  than  2  Ion  gyroradll  and  no  particles 
permanently  enter  the  magnetosphere. 

Although  these  early  magnetopause  models  assumed  that  the  magnetosphere  Is 
closed,  It  was  known  that  some  solar  cosmic  ray  particles  can  enter  the 
magnetosphere.  Since  they  sample  such  a  large  region  of  the  magnetosphere 
that  the  uniform  magnetic  field  assumption  cannot  be  made  In  their  case.  That 
Is,  gradients  In  the  magnetic  field  that  occur  over  the  paths  these  particles 
follow  when  they  Initially  Interact  with  the  geomagnetic  field  permit  them  to 
"gradient  drift"  Into  the  magnetosphere.  It  Is  then  natural  to  ask  what  Is 
the  lowest  energy  particle  that  can  gain  access  to  the  magnetosphere  because 
of  gradients  In  the  geomagnetic  field. 

The  motion  of  charged  particles  In  the  presence  of  a  magnetic  field  containing 
a  parallel  gradient  Is  Illustrated  schematically  In  Figure  2.  Electron  and 
positive  Ion  trajectories  are  shown  on  both  the  dawn  and  dusk  sides  of  the 
magnetopause.  Note  that  unlike  the  examples  shown  In  Figure  1  (where  specular 
reflection  was  assumed  and  no  particles  enter).  It  Is  possible  for  some 
particles  to  permanently  enter  the  magnetosphere.  For  entry  to  occur,  a 
finite  parallel  gradient  must  be  present  and  It  must  possess  a  component 
perpendicular  to  B.  The  noon-midnight  meridian  plane  Is  a  symmetry  plane  over 
which  no  entry  occurs  because  there  Is  no  parallel  gradient  perpendicular  to  B. 


Particle  entry  Into  the  tall  of  the  magnetosphere  In  a  realistic  magnetic 
field  topology  was  examined  quantitatively  assuming  that  the  magnetic  field 
just  beyond  the  magnetopause  Is  exactly  zero  and  given  by  the  Olson  and 
Pfltzer  (1974)  model  at  locations  within  the  magnetosphere.  Proton  "entry 
fractions"  Into  this  magnetically  closed  magnetosphere  were  determined  using 
numerical  techniques.  Proton  and  electron  trajectories  at  different  locations 
on  the  magnetopause  were  determined  by  Integrating  the  the  Lorentz  force 
equation  for  several  particle  energies  and  various  Impact  angles. 

The  range  of  Impact  angles  over  which  particles  can  gain  access  to  the 
magnetosphere  at  a  particular  point  on  the  magnetopause  Is  Illustrated  In 
Figure  3.  A  polar  graph  Is  shown  for  the  plane  tangent  to  the  magnetopause  at 
the  Impact  point.  The  projection  of  the  solar  magnetospherlc  x  axis  onto  the 
plane  Is  also  Indicated.  Circles  of  constant  elevation  angle  above  the  Impact 
plane  are  shown,  thus  the  point  marked  90  degrees  Indicates  a  particle  Impact 
perpendicular  to  the  surface.  The  figure  suggests  that  at  a  distance  of 
20  R£  down  the  tall  near  the  magnetic  equator  on  the  dawn  side,  just  under  4 
percent  of  an  Isotropic  distribution  of  1  keV  protons  will  enter  the 
magnetosphere.  The  entry  fraction  referred  to  In  Figure  4  Is  defined  as  the 
number  of  entering  particles  divided  by  the  total  number  of  Incident  particles 
at  a  point.  Several  hundred  trajectories  were  run  to  determine  the  entry 
fraction  at  each  point  for  a  particular  particle  energy,  mass  and  charge.  A 
comparison  of  Figures  3b  and  3c  Illustrates  that  the  entry  fraction  for 
protons  Is  approximately  40  times  larger  than  that  of  similar  energy  electrons 
In  the  same  magnetic  field  (X,  -Y,  Z  for  protons,  and  X,  Y,  Z  for  electrons). 
The  ratio  of  protons  entering  on  the  dawn  flank  to  electrons  entering  on  the 
dusk  flank,  however.  Is  only  about  two  to  one,  owing  to  the  greater  speed  of 
the  electrons. 
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BOUNDARY  POSITION  -20.00  -17  90  316 
ENERGY  (KEV)  1  ENTRY  FRACTION  0  0394 


Figure  3a 


BOUNDARY  POSITION:  -20.00  -17  90  3.16 
ENERGY  IKEVI'  10  ENTRY  FRACTION:  0.1054 


Figure  3b 


BOUNDARY  POSITION:  -30.00  -17  44  4.67 
ENERGY  (KEV):  5  ENTRY  FRACTION  0.0572 

Figure  3d 
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Entry  Is  strongly  dependent  on  particle  energy  and  location  on  the 
magnetopause.  The  entry  fraction  Increases  with  distance  down  the  tall,  but 
decreases  with  distance  off  the  equator.  Entry  fractions  as  a  function  of 
angle  above  the  magnetic  equatorial  plane  are  shown  In  Figures  4  and  5  for  1 
and  10  keV  protons.  Entry  Is  seen  to  be  confined  to  a  region  within  30°  of 
the  equator. 

Entry  fractions  for  .1  to  10  keV  protons  are  shown  In  Figure  6.  No 
quantitative  work  has  been  performed  to  date  using  actual  magnetosheath 
particle  distributions.  It  may  be  expected,  however,  that  because  the 
magnetosheath  plasma  flow  remains  somewhat  directed  down  the  tall  of  the 
magnetosphere,  the  entry  fraction  for  the  magnetosheath  particles  may  be 
somewhat  larger  than  the  entry  fractions  determined  for  an  Isotropic  plasma. 

There  Is  another  region  on  the  magnetopause  where  the  magnetospherlc  magnetic 
field  and  Its  gradients  are  structured  such  that  magnetosheath  plasma  can  gain 
entry  Into  the  magnetosphere.  This  Is  on  the  dayslde  magnetopause  along  those 
field  lines  that  drape  back  over  the  lobes  of  the  tall.  Particles  entering 
there  are  constrained  to  flow  along  field  lines.  After  entering  they 
therefore  either  move  down  the  tall  or  preclptate  along  field  lines  Into  the 
Ionosphere.  The  flow  of  entering  particles  along  field  lines  Into  the 
Ionosphere  constitutes  a  source  of  the  observed  precipitation  In  the  dayslde 
cusp  regions.  The  regions  on  the  magnetopause  where  appreciable  plasma  entry 
occurs  are  shown  schematically  In  Figure  7. 
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As  Illustrated  In  Figure  2,  the  magnetic  field  structure  limits  particle  entry 
such  that  only  protons  enter  on  the  dawn  side  of  the  magnetosphere  and  only 
electrons  enter  on  the  dusk  side.  Since  positive  Ions  move  clockwise  (as 
viewed  from  above  the  equator)  In  the  equatorial  region  of  the  tall,  their 
paths  move  toward  the  earth  on  the  dawn  flank  (Into  a  stronger  field  and 
therefore  decreased  gyroradlus)  and  away  from  the  earth  on  the  dusk  flank. 

The  opposite  Is  true  for  electrons.  The  noon-midnight  meridian  plane,  where 
the  gradient  Is  parallel  to  B  by  symmetry,  (and  where,  therefore,  no  entry 
occurs)  separates  the  two  regions.  The  opposite  Is  true  along  the  field  lines 
poleward  of  the  dayslde  cusp.  There  the  parallel  gradient  Is  the  same  as  In 
the  equatorial  region  of  the  tall  (the  field  Increasing  monotonlcal ly  with 
X  ),  but  the  magnetic  field  direction  Is  reversed.  Thus  electrons  enter  on 
the  morning  side  and  positive  Ions  enter  In  the  afternoon  side. 

Since  a  fraction  of  the  magnetosheath  plasma  enters  the  magnetosphere,  the 
pressure  balance  between  plasma  and  field  at  the  magnetopause  Is  altered. 

Thus  the  pressure  balance  formalism  which  assumes  specular  reflection  provides 
a  reasonable  value  for  the  scale  of  the  magnetosphere.  It  follows  that  the 
strength  and  form  of  the  magnetopause  currents  are  also  adequately  represented 
by  this  formalism,  as  Is  the  gross  topology  of  their  associated  magnetic 
field.  However,  some  changes  are  expected  when  particle  entry  occurs. 

Because  of  the  reduction  In  magnetosheath  pressure  resulting  from  particles 
entry.  It  Is  expected  that  the  tall  Is  slightly  wider  In  the  equatorial  region 
than  predicted  by  the  old  pressure  balance  theories  since  particle  entry  Is 
especially  large  there. 


It  Is  also  expected  that  the  real  magnetosphere  will  not  contain  two  neutral 
points  where  the  total  magnetic  field  Is  zero,  but  a  more  extended  region 
through  which  the  magnetosheath  plasma  has  direct  access  to  the  outer 
magnetosphere.  Such  a  topology  Is  observed. 

Although  the  shape  and  size  of  the  magnetosphere  are  not  Impacted 
significantly  by  particle  entry,  the  microstructure  of  the  magnetopause  Is 
appreciably  changed.  Several  concepts  have  been  proposed  to  explain  particle 
entry  and  energy  transfer  to  this  region.  They  Include  viscous  Interaction  of 
the  solar  wind  and  magnetospherlc  magnetic  field,  the  reconnection  of  the 
geomagnetic  field  with  the  Interplanetary  magnetic  field  carried  by  the  solar 
wind,  combinations  of  the  two  mechanisms.  Impulsive  events,  and  anomalous 
diffusion. 

We  believe  Instead  that  this  region  Is  produced  simply  by  the  direct  entry  of 
charged  particles  Into  the  magnetosphere  and  also  that  the  boundary  layer  Is 
not  really  separate  from  the  magnetopause.  Rather,  both  the  magnetopause  and 
boundary  layer  are  formed  by  the  magnetosheath  plasma  Interaction  with  the 
magnetospherlc  magnetic  field,  with  most  of  the  Incident  particles  being 
reflected,  but  a  fraction  gaining  access  to  the  magnetosphere.  This 
magnetopause  layer  Is  shown  schematically  In  Figure  8.  It  Is  to  be  contrasted 
with  the  magnetopause  structure  which  results  from  specular  reflection.  The 
magnetopause  layer  can  be  divided  roughly  Into  three  regions.  In  Region  1, 
all  magnetosheath  particles  are  reflected.  The  magnetopause  current  flows 
almost  entirely  In  this  region  where  the  Incident  particles  make  only  a 
fraction  of  one  circular  gyration  while  In  the  magnetospherlc  magnetic  field. 
Region  2  Is  populated  with  particles  that  have  not  been  reflected  b„  «;he 


Figure 


magnetic  field  In  Region  1.  On  the  dawn  side  of  the  tall  Region  2  Is 
populated  with  protons  and  helium  nuclei  that  have  just  entered  the 
magnetosphere,  and  by  electrons  that  have  drifted  there  from  the  dusk  flank 
and  possibly  also  by  electrons  from  the  Ionosphere  that  have  moved  along 
magnetic  field  lines  In  response  to  the  excess  of  positive  charge  In  that 
region.  In  addition  to  driving  currents,  the  excess  of  positive  charge  In 
Regions  2  and  3  (on  the  dawn  side)  attracts  electrons  to  the  region  just 
outside  of  the  magnetopause.  This  charge  separation  produces  an  electric 
field  directed  from  dusk  to  dawn  across  the  magnetopause  layer.  It  also 
produces  a  dusk  to  dawn  field  across  the  magnetopause  layer  on  the  dusk 
flank.  The  electric  field  In  the  magnetopause  layer  Is  shown  schematically  in 
equatorial  cross  section  In  Figure  9.  At  the  magnetic  equator,  since  B  Is 
northward,  this  electric  field  will  produce  an  antlsolar  flow  of  plasma  In  the 
magnetopause  layer  along  both  dawn  and  dusk  flanks  as  Is  observed. 

In  addition  to  Its  Influence  on  the  gross  shape  of  the  magnetosphere  and  on 
the  microphysics  of  the  magnetopause,  plasma  entry  continuously  Influences 
several  large  scale  magnetospherlc  features. 

As  shown  In  Figures  4  through  6,  particle  entry  In  the  tall  of  the 
magnetosphere  Is  limited  to  a  region  near  the  equator.  The  motions  of 
particles  entering  on  the  flanks  of  the  tall  (l.e.,  near  the  equator),  are 
responsible  for  much  of  the  structure  of  the  geomagnetic  tall  and  many  of  the 
processes  operating  there.  Once  a  charged  particle  has  entered  the 
magnetosphere,  Its  subsequent  motion  Is  determined  In  large  part  by  Its  pitch 
angle.  Particles  with  pitch  angles  near  zero  or  180  degrees  (whose  motions 
are  parallel  or  anti-parallel  to  the  magnetic  field  direction)  will  move  along 


the  field  line  toward  the  Ionosphere.  Other  particles  with  pitch  angles  near 
90  degrees  (their  velocity  vector  having  a  large  component  perpendicular  to 
the  magnetic  field  direction)  will  be  acted  upon  by  the  magnetospherlc 
magnetic  field  and  dr*ft  across  the  tall.  We  believe  that  the  latter  group  of 
particles  populates  the  plasma  sheet  In  the  tall  region.  The  particles 
entering  the  plasma  sheet  region  on  the  flanks  of  the  tall  then  drift  across 
the  tall,  their  motions  determined  by  the  magnetospherlc  magnetic  and  electric 
fields  present  there.  Magnetic  field  topology  dictates  that  the  plasma  sheet 
Is  thinner  at  the  center  of  the  tall  than  at  Its  flank.  Also,  since 
equatorial  particles  follow  contours  of  constant  |TT|  the  equatorial  plasma 
sheet  Is  formed  over  the  region  where  these  contours  Intersect  the 
magnetopause  (see  Figure  10)  and  thus  extends  almost  to  the  subsolar 
magnetosphere. 

At  the  equator  on  the  dawn  side.  Region  3  of  the  magnetopause  layer  should 
contain  primarily  protons  with  pitch  angles  clustered  near  90°.  Thus  positive 
charge  enters  on  the  dawn  side  of  the  tall  of  the  magnetosphere  at  and  near 
the  equator  and  drifts  across  the  tall.  Likewise,  electrons  enter  on  the  dusk 
side  and  drift  toward  the  dawn  side,  thus  forming  a  cross  tall  current 
system.  The  cross  tall  currents  can  also  be  discussed  In  terms  of  gradients 
In  plasma  pressure  throughout  the  plasma  sheet  region.  As  shown  In  Figures  4 
through  6,  the  entry  of  magnetosheath  plasma  Is  largest  at  the  magnetic 
equator  In  the  tall,  and  falls  off  dramatically  Just  a  few  earth  radii  above 
or  below  the  equator.  Thus  It  Is  expected  that  the  plasma  density  through  the 
plasma  sheet  Is  greatest  at  the  equator,  and  falls  off  above  or  below.  The 
plasma  pressure  gradient  profile,  taken  together  with  the  change  In  magnetic 


Figure  10 


field  direction  above  and  below  the  equator,  again  suggests  that  current  flows 
through  the  plasma  sheet  on  both  sides  of  the  magnetic  equatorial  plane  In  the 
dawn  to  dusk  direction. 

As  discussed  above,  since  only  protons  enter  on  the  dawn  side  of  the  tall  of 
the  magnetosphere,  an  excess  of  negative  charge  persists  just  outside  of  the 
dawn  magnetopause.  The  same  mechanism  produces  an  excess  of  positive  charge 
just  outside  of  the  dusk  magnetopause.  We  believe  that  this  excess  charge  on 
the  equatorial  flanks  of  the  magnetosphere  Is  dissipated  by  return  currents 
that  are  directed  from  dusk  to  dawn  over  the  lobe  regions  just  outside  of  the 
magnetopause.  The  plasma  sheet,  cross  tall  and  return  currents,  and  regions 
of  charge  buildup  as  they  occur  In  the  steady  state  because  of  direct 
magnetosheath  plasma  entry,  are  shown  schematically  In  planar  cross  section  In 
Figure  11.  For  many  years  this  "theta"  geometry  has  been  assumed  for  currents 
that  flow  In  the  tall  region  since  such  a  current  topology  Is  required  to 
explain  the  observed  lobe  structure  of  the  tall  magnetic  field. 

Near  the  equator  In  the  tall  particles  In  the  magnetopause  layer  either  drift 
across  the  tall  or  move  along  field  lines  to  the  Ionosphere.  The  drift  of 
protons  and  electrons  across  the  tall  assures  that  the  plasma  sheet  region  Is 
essentially  charge  neutral.  Away  from  the  equator,  however,  this  Is  no  longer 
true  because  of  the  magnetic  field  topology.  Field  lines  threading  the 
magnetopause  layer  well  above  the  equator  connect  to  the  Ionosphere  and  cross 
the  equator  well  beyond  lunar  orbit.  Magnetosheath  particles  which  gain 
access  to  this  region  cannot  drift  Into  the  lobes  because  they  cannot  "bounce" 
along  field  lines.  Thus  above  and  below  the  equator  there  Is  a  net 
accumulation  of  positive  charge  on  the  dawn  side  and  of  negative  charge  on  the 
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dusk  side  of  the  tail.  This  charge  buildup  may  be  dissipated  by  the  flow  of 
current  between  the  magnetopause  layer  and  the  Ionosphere.  However,  since 
charge  Is  continuously  being  supplied  to  the  sides  of  the  tall  of  the 
magnetosphere,  It  Is  expected  that  In  the  steady  state  a  charge  Imbalance  will 
persist  across  the  tall.  This  results  In  a  dawn  to  dusk  electric  field  across 
the  lobes  of  the  magnetosphere  which  Is  also  shown  schematically  In  Figure  11. 
The  cross  tall  electric  field  may  be  weaker  In  the  region  of  the  plasma  sheet 
since  charge  separation  between  the  dawn  and  dusk  flanks  of  the  magnetosphere 
Is  not  maintained  near  the  equator.  Note  that  this  electrostatic  field 
persists  from  dawn  to  dusk  across  the  tall  at  all  times.  Thus  the  entry  of 
low  energy  charged  particles  Into  the  magnetosphere  produces  an  electric  field 
across  the  tall  of  the  magnetosphere  as  required  by  Axford  and  Hines  to 
convect  the  magnetospherlc  plasma  earthward. 


The  cross  section  of  the  tall  shown  schematically  In  Figure  11  Illustrates  all 
of  the  features  discussed  above;  the  formation  of  the  plasma  sheet,  the  cross 
tall  currents,  the  cross  tall  electric  field,  and  the  return  of  the  cross  tall 
currents  around  the  lobes  of  the  magnetosphere  In  the  magnetosheath  region. 
None  of  these  features  Is  explained  with  a  pressure  balance  model  that  assumes 
specular  reflection.  They  are  all  the  direct  result  of  the  continuous 
article  entry  Into  the  maqnetosphere  through  the  magnetopause. 


As  discussed  earlier,  once  a  charged  particle  has  entered  the  magnetosphere 
(In  Region  2  of  the  magnetopause  layer)  Its  subsequent  motion  Is  determined  by 
Its  pitch  angle.  Thus  on  the  dawn  side  of  the  magnetosphere  positively 
charged  particles  with  pitch  angles  near  0°  or  180°  will  flow  along  magnetic 
field  lines  toward  the  auroral  Ionosphere.  Alternatively,  charge  accumulation 


In  the  dawn  magnetopause  layer  may  be  shorted  out  by  the  flow  of  electrons 
from  the  Ionosphere  along  magnetic  field  lines.  On  the  dusk  side  of  the 
magnetosphere  the  opposite  Is  true.  Electrons  enter  and  precipitate  along 
magnetic  field  lines  toward  the  Ionosphere. 

The  observed  location  of  the  Blrkeland  currents  at  their  junction  with  the 
Ionosphere  Is  shown  In  Figure  12.  The  Region  1  Blrkeland  currents  form  two 
halves  of  a  ring,  and  are  bound  by  the  Region  2  current  system  that  flows  at 
lower  latitudes.  Note  also  that  near  the  noon  meridian  there  Is  a  small 
region  of  reverse  current  flow  attributed  to  the  precipitation  of  particles  In 
the  dayslde  cusp  regions.  It  Is  necessary  to  use  a  model  of  the 
magnetospherlc  magnetic  field  In  order  to  connect  these  regions  In  the 
Ionosphere  along  magnetic  field  lines  to  their  source  regions  In  the 
magnetosphere.  The  locations  of  field  line  crossings  In  the  magnetic 
equatorial  plane  for  lines  originating  at  various  magnetic  longitudes  and 
latitudes  at  the  earth  are  shown  In  Figure  13.  This  mapping  suggests  that  at 
least  from  noon  back  to  the  dawn-dusk  meridian,  the  Region  1  Blrkeland 
currents  map  close  to  the  dawn  and  dusk  equatorial  region  of  the 
magnetosphere.  Thus  particle  entry  occurring  at  the  magnetopause  Is  connected 
via  magnetic  field  lines  to  that  part  of  the  dayslde  Ionosphere  where  the 
Region  1  Blrkeland  currents  are  observed  to  flow.  It  Is  more  difficult  to 
explain  the  nighttime  Region  1  Blrkeland  currents.  We  suggest  here  only  that 
charged  particle  entry  may  again  be  their  source  of  particles  and  energy  and 
that  the  convection  of  the  particles  by  the  cross  tall  electric  field  may  be 
an  Important  factor  In  explaining  the  nighttime  Region  1  Blrkeland  currents. 
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Charged  particle  entry  through  the  magnetopause  also  produces  currents  that 
flow  along  the  polar  side  of  the  dayslde  cusp  region  down  to  the  Ionosphere. 

As  discussed  earlier,  although  the  parallel  gradients  are  directed  toward  the 
noon  meridian,  both  on  the  polar  side  of  the  dayslde  cusp  and  along  the  flanks 
of  the  tall,  the  direction  of  the  magnetic  field  Is  reversed.  Along  the 
flanks  of  the  tall  It  Is  everywhere  northward,  while  on  the  polar  side  of  the 
dayslde  cusp  the  predominant  direction  of  the  magnetic  field  Is  southward. 

Thus  the  species  of  entering  particle  Is  changed  and  electrons  enter  on  the 
dawn  side,  while  on  the  dusk  side  only  positive  Ions  can  penetrate  the 
magnetopause.  Thus  the  sense  of  the  currents  Is  reversed  from  the  Region  1 
Blrkeland  currents  with  electrons  flowing  toward  the  Ionosphere  on  the  morning 
side  of  the  magnetosphere,  and  protons  moving  toward  the  Ionosphere  (or 
electrons  moving  out  of  the  Ionosphere)  on  the  afternoon  side  of  the 
magnetosphere.  Note  that  the  direction  of  each  of  these  currents  Is  In 
agreement  with  observations  of  the  Blrkeland  currents  (see  Figure  12). 

The  excess  of  positive  charge  produced  by  entry  on  the  dawn  side  of  the 
magnetopause  will  either  be  transmitted  along  magnetic  field  lines  Into  the 
Ionosphere,  or  equivalently,  draw  electrons  out  of  the  Ionosphere  leaving  a 
deficiency  of  electrons  In  the  Ionosphere  where  the  Blrkeland  Region  1  field 
lines  Intersect  the  Ionosphere.  The  reverse  Is  true  on  the  dusk  side.  This 
charge  difference  on  the  two  sides  of  the  Region  1  Blrkeland  currents  Is  In 
the  proper  direction  to  produce  a  dawn  to  dusk  electric  field  over  the  polar 
cap  region,  as  shown  schematically  In  Figure  14.  An  electric  field  In  that 
direction  Is  required  to  explain  the  anti-sunward  convection  of  plasma  that 


occurs  there  more  or  less  continuously. 
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The  particle  entry  process  described  here  In  some  sense  explains  the  "viscous 
Interaction"  suggested  by  Axford  and  Hines  as  the  means  by  which  the 
magnetosphere  and  solar  wind  Interacted.  It  produces  the  cross  tall  and  polar 
cap  electric  fields  required  by  Axford  and  Hines  to  convect  magnetospherlc 
plasma.  The  entry  process  also  directly  drives  current  systems  In  the 
magnetosphere  and  provides  plasma  to  the  tall.  The  existence  of  this  entry 
mechanism  reduces  the  demands  on  the  convection  process  since  It  directly 
links  the  magnetopause  layer  to  the  Ionosphere  (through  the  Region  1  dayslde 
Blrkeland  currents)  and  produces  a  dawn  to  dusk  electric  field  across  the 
polar  cap. 

We  have  examined  the  entry  of  the  thermallzed  solar  wind  plasma  (magnetosheath 
plasma)  Into  the  magnetosphere  which  occurs  at  all  times  because  of  gradients 
In  the  magnetospherlc  magnetic  field  parallel  to  the  magnetopause.  We  believe 
that  this  entry  process  provides  the  energy  and  particles  required  for  several 
known  magnetospherlc  features  which  persist  at  all  times.  These  Include  the 
plasma  sheet  and  cross  tall  electric  currents,  the  return  currents  that  flow 
over  the  lobes  of  the  tall  just  beyond  the  magnetopause,  the  electric  fields 
directed  from  dawn  to  dusk  across  the  tall  and  across  the  polar  cap,  and  the 
dayslde  Region  1  Blrkeland  currents.  These  features,  together  with  the  basic 
magnetopause  current  system,  form  the  "ground  state"  of  the  magnetosphere. 

This  ground  state  description  can  be  used  as  the  point  of  departure  for 
studying  other  magnetospherlc  processes  that  depend  on  the  dynamics  of  the 
solar  wind  and  Interplanetary  magnetic  field  and  other  plasma  phenomena  (e.g., 
wave-particle  Interactions). 


This  entry  process  explains  physically  the  viscous  Interaction  process 
suggested  by  Axford  and  Hines  (1961),  and  also  directly  supplies  plasma  to  the 
magnetosphere  In  the  steady  state.  Because  of  It  the  magnetosphere  must  be 
considered  to  be  "open"  to  the  entry  of  a  portion  of  the  magnetosheath  plasma 
at  all  times.  This  one  mechanism  produces  several  magnetospherlc  currents  and 
fields  that  are  properly  directed  and  Is  estimated  to  supply  a  large  enough 
particle  flux  to  'Britain  the  tall,  at  least  a  portion  of  the  Blrkeland 
currents  and  the  dawn  to  dusk  electric  field  across  the  tall  and  the  polar  cap. 


Section  3 


TIME  VARYING  MAGNETIC  AND  ELECTRIC  FIELDS 

We  have  participated  actively  In  two  Coordinated  Data  Analysis  Workshops 
(CDAW's).  In  CDAW-2,  the  July  29,  1977  magnetospherlc  event  was  scrutinized 
and  we  developed  a  dynamic  model  for  the  magnetospherlc  magnetic  and  eiectrlc 
fields  as  they  change  during  that  event.  More  recently,  we  participated  in 
CDAW-6  where  two  other  magnetospherlc  events  were  examined.  For  CDAW-6,  the 
events  were  selected  such  that  there  was  coverage  in  the  tall  of  the 
magnetosphere.  One  of  the  events  covered  a  very  active  time,  the  second  event 
Included  a  relatively  Isolated  substorm.  The  procedures  we  followed  In 
developing  these  models  are  discussed  briefly. 

It  Is  emphasized  that  we  did  not  construct  ad  hoc  models  to  fit  a  particular 
event.  Rather,  we  permitted  each  of  the  three  major  magnetospherlc  current 
systems  to  expand  and  contract  In  size  and  strength  In  response  to  some 
physically  meaningful  Input  parameter  or  set  of  parameters.  For  example,  the 
size  and  strength  of  the  magnetopause  currents  are  controlled  by  the  dynamic 
solar  wind  pressure.  The  Input,  parameters  used  for  each  of  the  three  current 
systems  and  the  scaling  laws  employed  in  the  development  of  the  model  are 
discussed  In  his  section.  A  key  part  of  the  procedure  Is  the  determination  of 
a  "strength  factor",  S,  which  Is  used  to  describe  the  variability  of  each  of 
the  three  current  systems.  Thus  the  strength  factor  Is  the  link  between  the 
hyslcal  Input  parameters  and  the  magnitude  of  the  current  system. 


The  strength  and  size  of  the  magnetopause  currents  are  determined  using  a 
pressure  balance  equation  which  relates  the  kinetic  pressure  of  the  solar  wind 
to  the  magnetic  energy  density  of  the  magnetic  field  Inside  the  magnetopause. 
Host  of  the  variability  In  the  solar  wind  pressure  Is  caused  by  changes  In  the 
density  of  the  solar  wind.  (The  solar  wind  velocity  seldom  drops  below  250 
km/sec  and  has  only  rarely  been  observed  above  1000  km/sec.)  The  pressure 
balance  formalism  leads  directly  to  a  standoff  distance  for  the  magnetopause. 

Rs(t)  =  [M2/(4ff  pV2)]1/6  (1) 

Changes  In  the  standoff  distance,  R ^ ( t ) ,  and  thus  size  of  the  magnetosphere 
are  caused  by  changes  In  solar  wind  pressure. 

Pressure  balance  formalism  also  provides  a  direct  relation  between  the 
strength  of  the  magnetopause  currents  and  solar  wind  pressure.  The 
magnetopause  currents  produce  a  field  outside  of  the  magnetosphere  that 
cancels  the  fields  generated  within  the  magnetosphere,  the  largest  being  the 
earth's  main  (dipolar)  field,  which  decays  as  the  Inverse  cube  of  the  distance 
from  the  center  of  the  earth.  The  variation  In  the  strength  of  the 
magnetopause  currents  Is  Inversely  proportional  to  the  cube  of  the  standoff 
distance. 

It  was  possible  to  use  ground-based  magnetic  Indices  In  the  analysis  to  help 
represent  variations  In  the  ring  current.  Traditionally,  measured  at 

mid-latitudes  Is  considered  the  best  Index  for  representing  variations  In  the 
strength  of  the  ring  current.  Is  simply  the  storm  time  deviation  from 

the  nominal  quiet  time  field  at  mid-latitudes  produced  by  changes  In  the 
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magnetospherlc  currents  during  a  storm.  Since  an  accurate  representation  of 

the  magnetopause  magnetic  field  was  already  available.  It  was  possible  to 

develop  a  simple  algorithm  for  removing  the  effects  of  the  changing 

magnetopause  currents  from  D^.  In  the  quiet  time  model,  the  field  from  the 

magnetopause  near  the  vicinity  of  the  earth  Is  25  nanotesla  (nT).  This  quiet 

time  value  Is  part  of  the  baseline  and  Is  thus  the  zero  level  for  the 

0  .  contribution, 
st 

The  quiet  ring  current,  JR  Is  represented  Initially  by  a  series  of  wire 
loops.  The  field  from  the  westward  portion  of  the  ring  flowing  outside  of  L  = 
2.5  (which  Is  presumably  the  portion  of  the  ring  enhanced  during  a  storm) 
contributes  about  -40  nT  to  the  field  at  the  earth. 

When  the  magnetopause  is  compressed,  only  the  outer  edges  of  the  ring  are 
compressed.  Since  the  largest  contribution  of  the  ring  (l.e.,  the  strongest 
currents)  are  near  L's  of  3  or  4  the  size  of  the  ring  was  not  scaled.  This 
leads  to  an  error  In  evaluating  the  contribution  from  the  ring.  However, 
until  additional  data  on  changes  In  J  (t)  become  available,  very  little 

K 

Improvement  over  this  approach  can  simply  and  accurately  be  made.  Based  on 
comparisons  of  these  model  results  with  observations,  however,  we  feel  that 
this  approach  gives  a  reasonable  representation  of  the  storm  time  ring  current 
system. 

The  tall  currents  were  tied  directly  to  the  magnetopause  currents.  We  have 
also  used  the  so-called  epsilon  Index  which  multiplies  the  Poyntlng  vector  of 
the  Interplanetary  electromagnetic  field  (as  observed  In  a  magnetospherlc 
reference  system)  by  a  geometry  factor  which  attempts  to  represent  the  cross 
section  of  the  magnetosphere  to  this  energy  Input. 


The  suggested  relationship  of  tall  current  strength  to  the  epsilon  Index  Is 
that  the  strength  factor  for  the  tall  currents,  ST(t),  be  given  by 
ST(t)  =  .15  c  and  If  Sy(t)  <  1  then  ST(t)  =  1,  where  ST(t)  Is  the 
strength  of  the  tall  current  system  relative  to  quiet  times.  The  "If  test"  Is 
required  because  It  Is  believed  that  the  tall  currents  are  present  even  when 
e  Is  zero).  Since  the  tall  current  system  must  fit  Inside  the  compressed 
magnetosphere  the  position  scaling  relationship  used  for  the  magnetopause  was 
also  used  for  the  tall  current  sytems. 

Using  the  Inputs  described  above  to  specify  the  changes  In  strength  of  the 
major  magnetospherlc  current  systems  during  the  event.  It  was  possible  to 
vectorally  add  the  contributions  to  the  magnetospherlc  magnetic  field  and  to 
then  test  the  accuracy  of  the  model  by  comparisons  with  observational  data. 
Again,  we  emphasize  that  no  observational  magnetic  field  Jata  were  used  In  the 
construction  of  this  event  model.  In  Figure  15,  model  data  are  compared  with 
observations  at  the  orbit  of  the  geosynchronous  satellite  GOES  1  for  the 
July  29  event.  It  Is  seen  that  the  H  and  the  D  components  agree  reasonably 
well,  whereas  the  V  component  which  gives  a  measure  of  the  tall-like  nature  of 
the  field  observed  at  the  satellite  suggests  that  the  field  Is  more  tall-like 
than  the  model  predicts.  Note  that  some  of  the  substorm  structure  observed 
Is,  Indeed,  Included  In  the  model  event.  Also,  It  Is  expected  that  the 
fit  would  be  perfect,  since  the  model  Input  data  were  based  on  hourly  or 
one-half  hour  averages  and  does  not  Include  parallel  currents. 

At  CDAW-6,  the  situation  was  somewhat  different.  We  found  that  our  models 
very  adequately  represented  the  total  magnetospherlc  magnetic  field  on  the 
dayslde  of  the  magnetosphere;  however,  near  midnight  the  agreement  breaks  down 
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dramatically.  We  tried  to  change  the  strength  of  the  tall  current  system,  and 
even  Its  location  In  order  to  explain  this  discrepancy,  but  were  not 
successful.  We  now  believe  that  the  closure  of  the  Blrkeland  Region  2 
currents  near  the  Inner  edge  of  the  plasma  sheet  Is  a  major  contributor  to  the 
magnetic  field  In  the  region  of  synchronous  orbit  near  midnight,  especially 
during  disturbed  magnetospherlc  conditions.  Note  that  although  the  tall 
current  circuit  of  approximately  2  million  amperes  is  distributed  over  several 
tens  of  earth  radii.  The  closure  of  the  Blrkeland  Region  2  currents  Is 
confined  to  a  region  on  the  order  of  1  or  2  earth  radii.  Thus  the  Blrkeland 
Region  2  'urrents  are  much  more  concentrated  In  the  tall  currents,  and  It  Is 
expected  that  their  magnetic  signature  Is  quite  pronounced  near  the  Inner  edge 
of  the  plasma  sheet.  A  comparison  of  our  event  model  with  data  for  the 
March  22,  1979  event  Is  shown  In  Figure  16. 


PROCEDURE  FOR  MAPPING  ELECTRIC  FIELDS  FROM 
IONOSPHERIC  TO  SATELLITE  ALTITUDES 

The  measurement  of  dc  electric  fields  Is  at  best  difficult.  Data  from  several 
boom  experiments  that  have  been  collected  over  the  past  decade  are  now 
considered  by  many  researchers  to  be  suspect.  Thus  several  Investigators  have 
attempted  to  "map"  the  electric  field  from  one  region  of  the  magnetosphere  to 
the  other  along  magnetic  field  lines,  usually  using  the  assumption  that  the 
magnetic  field  lines  are  electric  equlpotentlals .  We  have  worked  with  several 
other  Investigators  active  In  the  CDAW  workshops  In  an  effort  to  map  electric 
fields  from  the  Ionosphere  to  satellite  altitudes.  In  partlculr,  the  STARE 
radar  data  set  provides  Information  on  the  electric  field  In  the  Ionosphere. 
The  magnetic  footprint  of  the  GEOS  2  satellite  lies  within  the  STARE  radar 
grid  much  of  the  time.  It  Is  therefore  possible  to  map  the  measured  electric 
field  In  the  Ionosphere  to  the  GEOS  satellite,  which  Is  at  geosynchronous 
orbit.  The  GEOS  satellite  has  two  dc  electric  field  experiments.  One  uses  an 
electron  gun,  and  attempts  to  determine  the  electric  field  by  measuring  the 
motion  of  various  energy  particles  In  a  combined  magnetic  and  electric  field. 
The  other  experiment  Is  a  boom  experiment  which  examines  the  difference  In 
potential  between  two  spheres  separated  by  long  booms.  If  a  good  correlation 
can  be  found  between  the  STARE  radar  electric  field  data  and  either  of  the 
data  sets  from  the  GEOS  2  satellite,  It  would  confirm  that  the  particular 
electric  field  experiment  was  valid,  and  also  that  the  mapping  procedures  are 
accurate. 


The  assumption  that  has  been  generally  used  In  mapping  the  electric  field  Is 
that  the  conductivity  along  field  lines  Is  high  and  thus  the  field  lines  are 
equlpotentlals .  Hones  and  Bergeson  have  stated  that  the  high  conductivity 
assumption  Implies  that  the  total  electric  field  parallel  to  the  field  lines 
Is  zero.  The  electric  field  equal  zero  condition  Is  not  the  same  as  the 
equlpotentlal  condition  since  the  total  electric  field,  E^.,  at  any  given 
point  Is  given  by 
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c  3t 
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where  <J>  Is  the  electric  scalar  potential,  A  Is  the  magnetic  vector 
potential,  and  c  Is  the  speed  of  light. 

From  this  equation  we  see  that  the  electric  field  consists  of  an  Induction 
electric  field  and  a  scalar  potential  term.  In  the  limit  as  the  Induction 
field  goes  to  zero,  the  electric  field  equals  zero  constraint  approaches  the 
equlpotentlal  constraint.  However,  the  Induction  term  Is  never  zero.  Even 
during  magnetically  quiet  times  the  non-aligned  dlpoled  axis  causes  a 
3A/3t  from  the  Internal  field,  as  well  as  3A/3t  from  the 
magnetospherlc  currents  responding  to  the  wobbling  dipole.  During 
magnetically  disturbed  times  the  Induced  field  may  be  quite  large.  Here,  we 
define  a  new  mapping  procedure  that  does  not  use  a  parallel  electric  field 
constraint.  It  Is  used  to  evaluate  the  effects  of  3A/3t  during  quiet  and 


disturbed  times. 


The  constraint  that  there  be  no  parallel  electric  field  can  be  stated  as 
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where  Ey  Is  the  total  electric  field  and  B  Is  the  unit  magnetic  field 
vector.  Since  we  know  that 
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where  d^/ds  Is  the  change  of  $  along  a  field  line  direction.  Thus  V$, 
the  change  In  ♦,  between  two  points  A  ’^d  B  along  a  field  line  Is  given  by 


(3) 


Equation  (8)  provides  a  procedure  for  determining  the  change  In  <j>  anywhere 
along  a  field  line  In  the  presence  of  a  3A/3t.  To  evalute  the  total 
electric  field,  E,  at  a  point,  one  needs  a  boundary  condition  on  $ 
perpendicular  to  the  lines  of  force.  Here  It  Is  assumed  that  the  potential 
(or  potential  electric  field)  Is  known  over  the  Ionosphere. 

Given  the  electric  field  over  some  region  of  the  Ionosphere,  the  electric 
field  at  a  satellite  can  be  determined  providing  the  foot  of  the  field  line 
from  the  satellite  Is  within  the  Ionospheric  grid  over  which  the  Ionospheric 
electric  field  Is  known.  It  Is  not  practical  to  start  the  field  line  Integral 
In  the  Ionosphere  and  find  the  satellite  point.  It  Is  much  simpler  to  begin 
the  Integration  procedure  at  the  satellite  and  determine  the  Intersection 
within  the  Ionospheric  grid. 

Since  the  mapping  procedure  yields  only  potentials.  It  Is  necessary  to  map 
three  field  lines  from  the  satellite  to  the  ground.  The  potential  difference 
betwen  these  field  lines  can  then  be  used  to  determine  the  electric  field. 
Figure  17  defines  three  such  field  lines.  Given  that  the  satellite  Is 
located  at  point  A  a  distance  from  the  center  of  the  earth,  points  C  and 
C'  are  a  distance  Ar^c  and  47^,  respectively  from  point  A.  A?^ 
and  A7ac,  are  perpendicular  to  the  magnetic  field  at  point  A  and  A?AC 
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and  Ar A^,  are  perpendicular  to  each  other.  Thus  If  the  potentials  at 
points  A,  C  and  C'  are  evaluated,  the  potential  electric  field  In  the  ArAC 
and  a7A(.,  direction  can  be  determined  (E  =  -  AV/Ar). 

If  point  B  Is  the  conjugate  point  In  the  Ionosphere  (of  the  field  line  passing 
through  point  A),  we  can  define  a  plane  through  point  B  perpendicular  to 
magnetic  field  at  point  B.  Points  0  and  D'  are  then  the  conjugate  points  of  C 
and  C'  respectively  In  this  perpendicular  plane  and  A F__  and  A?onl  are 
the  distance  vectors  between  B  and  D,  and  B  and  O'  respectively.  Finally, 

Rd,  R-  and  R_.  are  the  locations  of  points  B,  D  and  D'  with  respect  to 
the  center  of  the  earth. 


m  <r* 


If  we  begin  the  Integral  of  equation  (8)  at  point  A  and  Integrate  to  B,  we 
obtain 


Ad>  =  v 
/\B  AB 


(9) 


where  VAB  Is  the  potential  of  point  B  with  respect  to  A.  Similar  Integrals 
starting  at  points  C  and  C'  give 
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The  potential  VCQ  Is  the  potential  at  point  D  with  respect  to  C  and  VC,Q1 
Is  the  potential  at  point  O'  with  respect  to  C'. 


If  the  potential  electric  field  In  the  Ionosphere  Is  known  to  have  the  value 
Ej  In  the  Inertial  frame,  and  V  Is  the  potential  In  the  Initial  frame 


Ej  =  -  VV  ,  and  therefore 


AVBD  =  "  W  *  ArBD 


where  AVon  Is  the  potential  of  point  0  with  respect  to  B,  and  where 

DU 

Et(R_)  Is  the  potential  electric  field  at  point  B.  If  we  arbitrarily 

1  D 

define  point  B  as  having  a  potential  Vq,  then 
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The  above  equations  for  and  are  the  basic  mapping  equations  for 
mapping  the  Ionospheric  electric  field  from  the  Ionosphere  to  the  satellite  In 
the  presence  of  a  3A/3t  when  the  E*£  =  0  condition  (conducting  field 
lines)  Is  satisfied.  When  3A/3t  Is  zero,  the  second  terms  In  equations 
(23)  and  (24)  vanish  and  one  has  the  standard  equlpotentlal  mapping  terms. 

The  equlpotentlal  mapping  states  that  tSe  electric  field  at  the  satellite  Is 
the  corresponding  electric  field  In  the  Ionosphere  multiplied  by  the  ratio  of 
distance  between  the  field  lines  In  the  magnetosphere.  We  note  when 
3A/3t?/0  that  the  result  will  differ  from  the  equlpotentlal  approach. 

Inertlal/Rotatlng  Reference  Frames 

The  results  of  the  previous  section  are  rigorously  true  only  In  an  Inertial 
reference  frame.  Thus  Ej  must  be  specified  In  an  Inertial  frame  and  EftC 
and  Eac,  are  the  results  In  the  Inertial  reference  frame.  E  t  the 
Ionospheric  electric  field,  Is  the  scalar  potential  electric  field  In  the 
Inertial  reference  frame. 


A  computer  program  was  written  that  allowed  us  to  perform  the  Integral  In 

equation  (8)  and  evaluate  VAD.  Vpn,  and  Vpn,  In  an  arbitrary  magnetic 

Ad  LU  tU 

field  and  an  arbitrary  3A/3t.  We  have  examined  several  cases. 

Hones/Bergeson  Case.  Hones  and  Bergeson  solve  the  case  of  a  rotating 
conducting  magnetized  sphere  In  which  the  dipole  axis  Is  not  aligned  with  the 
rotation  axis.  We  define  an  Inertial  coordinate  system  In  which  the  sphere 
rotates  with  an  angular  velocity,  w.  For  simplicity,  the  rotation  axis  Is 


aligned  with  the  z  axis  of  the  coordinate  system.  The  magnetic  dipole  y 
makes  a  finite  angle  with  the  rotation  vector  u>. 

It  can  be  shown  that 


0 


1 

c 


3A 

3t  = 


[r  x  (u  x  y)] 
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(27) 


Hones  Bergeson  showed  that  the  self-consistent  potential  on  the  sphere  as  seen 
from  the  Inertial  frame  that  satisfies  the  EMI  =  0  condition  Is 


51 


Evaluating  this  gradient  and  substituting  In  value  from  equations  (26)  and 
(27)  gives 


ei(“b>  -*c  at  -  ;II“V  xB(r8)1  (30) 

When  the  expression  for  V,  equation  (28)  Is  used  to  evaluate  VAB»  VCQ  and 
VC|JI  and  equations  (23)  and  (24)  are  used  to  evaluate  Eftc  and  Eftc(,  a 
non-zero  potential  electric  field  perpendicular  to  B  Is  obtained  at  point  A. 
There  Is  also  a  parallel  component  of  the  potential  electric  field  at  point  A, 
this  parallel  component  must  satisfy  the  equation 


V$  -  <-£  &)-B  -  rs.B  -  0 


Et  Is  the  total  electric  field  at  point  A  and  E$  Is  the  potential  electric 
field  of  A  (f  has  perpendicular  components  EftC  and  EAC,).  Thus  E$ 
has  a  parallel  component  given  by 


-  1  <&> 
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The  total  electric  field  (In  the  Inertial  frame,  E-j.)  Is  then  given  by 
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(33) 
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where  E$  is  made  up  of  the  parallel  component  (1/c  •  dA/dt)^  and 
perpendicular  components  E^  and  E^,  and  3A/3t  is  given  by  equation 
(27).  To  convert  to  a  frame  moving  with  a  satellite,  one  must  add  the  field 
1/c  (V  x  B)  where  V  =  w  x  R  If  the  satellite  corotates  with  the 

j  i  n 

earth.  Thus  the  electric  field  In  the  frame  of  a  moving  satellite, 

(ET)rot»  ls  91ven 

<fT>rot  <34> 

when  this  expression  was  evaluated  using  the  earth's  Internal  dipole  only  and 
the  Hones  Bergeson  boundary  condition,  the  electric  field  was  found  to  be  zero 
In  the  frame  of  a  satellite  corotating  (synchronous)  with  the  earth. 


<ET>syn 


This  Is  the  expected  result.  The  electric  field  as  seen  by  an  observer 
rotating  with  the  conducting  magnetized  sphere  (when  the  field  lines  are 

—  A 

conducting  and  E«B  =  0)  Is  everywhere  zero.  This  zero  result  provides  an 
Important  check  on  our  computer  program.  Essentially,  It  states  that  starting 
with  a  boundary  field  (In  the  Inertial  frame)  of  l/c»3A/3t  -  1/c  (V  x  "5) 
in  the  presence  of  the  3A/3t  from  the  Internal  source  only  results  In  a 
zero  total  electric  field  In  the  frame  of  a  corotating  observer.  This  fact 
was  later  used  to  simplify  the  calculations  when  the  field  from  an  external 
3A/3t  Is  Included. 


We  will  now  discuss  a  procedure  that  will  allow  us  to  map  an  Ionospheric 
electric  field  seen  by  an  observer  rotating  with  the  earth  to  an  arbitrary 
satellite  In  the  presence  of  an  external  3A/3t. 


To  correctly  proceed  with  the  mapping  procedure,  the  potential  electric  field 
In  the  Ionosphere  must  be  known  In  the  Inertial  frame.  We  are  given  that  the 
total  electric  field  In  the  Ionosphere  In  the  rotating  frame,  (E^)^,  Is 
known.  The  electric  field  In  the  Inertial  frame  (^j)res^  ls  given  by 
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but  (3A/3t)re$^  ma<^e  up  *wo  sources»  the  wobble  of  the  Internal 

dipole  (3A/3t  d1pole)res^  and  the  external  source 

(3A/3t  external )re$^.  Similarly,  Ti  Is  made  up  of  ^ poi e  an<* 
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The  term  In  brackets  on  the  right  side  of  the  equation  Is  simply  the  Hones 
Bergeson  term  and  In  the  case  of  a  corotating  satellite,  this  term  adds  up  to 
a  net  zero  contribution  In  the  frame  of  the  corotating  satellite.  We  thus 
define  CEpot)rest  such  that 


^EpotVest 


<Fpot>rest  -  tp  <!£  d'POle)  -  Z  <*  *  5>dlpolel 


/c  \  .1  /1A  external.  _  1  /y  x  r  \ 
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The  complete  solution  to  the  problem  evaluates  the  potential  electric  field 
(Es)rest  at  the  satell1te  by  evaluating  the  Integral  In  equation  (8)  In 
the  rest  frame  using  (TpQ^) rest *  the  potential  electric  field  In  the 
Ionosphere  In  the  rest  frame.  The  Integral  Is  evaluated  using  the  3A/3t 
from  both  the  Internal  (dipole)  and  external  sources.  To  the  scalar  potential 
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electric  field  determined  In  the  Inertial  frame  at  the  satellite  Is  added  the 
3A/3t  from  both  the  Internal  (dipole)  and  external  sources,  using  equation 
(33).  The  1/c  (V  x  B)  rotation  field  (external  and  Internal  "B)  Is  then  added 
to  obtain  the  electric  field  In  the  reference  frame  of  the  satellite. 

If  the  satellite  Is  corotating  with  the  earth,  a  simplification  In  this 
procedure  can  be  used.  It  was  shown  above  that  the  total  electric  field  In  a 
corotating  reference  frame  Is  zero  If  one  starts  with  an  Ionospheric  boundary 
condition  of 

c  (ff)^nterna1  -  ~  (V  x  B)1nternal  (43) 

In  the  Inertial  frame  and  evaluates  the  potential  electric  field  at  the 
corotation  point  using  equation  (8)  when  3A/3t  Is  due  to  the  Internal 
source  only.  Then  adds  3A/3t  from  the  Internal  source  and  finally  adds  In 
1/c  (V  x  B)  to  transform  to  the  corotating  reference  frame. 

Thus,  If  all  of  these  steps  (using  the  Internal  sources)  are  subtracted,  the 
result  should  not  change. 

The  shortened  procedure  which  leaves  out  all  of  the  Internal  terms,  and  which 
can  be  used  In  the  case  of  a  corotating  satellite.  Is  as  follows: 

1.  Given  a  measurement  of  the  total  electric  field  In  the  Ionosphere  by  an 
observer  fixed  on  the  earth,  (ET)rQt,  we  define  a 
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2.  Evaluate  the  Integral  and  solve  for  the  potential  electric  field  at  the 
satellite  location  using  only  the  ^A(r)/^externai  and 
(Epot)rest  as  boundary  condition. 


3.  Add  In  the  external  Induction  electric  field  at  the  satellite, 

(3A(r)/3t)ex^ernal ,  and  add  In  the  corotation  field 

(1/c  V  x  B  .  ,)  due  to  the  external  sources, 

external 


The  result  Is  the  total  electric  field  at  the  satellite  In  the  frame  of  the 
rotating  satellite,  given  a  total  Ionospheric  electric  field,  (E^)^, 
measured  by  an  earth-based  observer. 


When  this  abrevlated  procedure  (excluding  the  Internal  sources)  Is  used  with 
the  computer  program  developed  to  calculate  for  the  total  electric  field  using 
the  earth's  dipole  magnetic  field  with  an  arbitrary  external  3A/3t,  It 
yields  Identical  results  to  those  when  all  of  the  Internal  sources  are 


Included. 
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